2 4 0 was a significant negative correlation between p.promoter mean methylation and gene 2 4 1 expression (Spearman rho= -0.37; P<0.001), but no overall correlation between gene body 2 4 2 methylation and gene expression (Spearman rho= -0.03; P=0.062). There was some 2 4 3 evidence of a heterogeneous relationship between gene body methylation and gene 2 4 4 expression. GAM analysis indicated that a small, but significant, part of gene expression was 2 4 5 explained by the smooth component of gene body methylation (deviance explained = 1.93%, 2 4 6 P < 0.001, Figure 3a We then identified genes for which there was a notable effect of early life stress on both 2 4 8 DNA methylation (p.promoters and gene bodies) and on gene expression (>2 FC delta 2 4 9 expression and >5% methylation difference) at the baseline time-point (i.e. not exposed to 2 5 0 LPS). For p.promoters, there was evidence of unequal distribution of genes between hyper-2 5 1 methylated/up-regulated, hypo-methylated/up-regulated, hyper-methylated/down-regulated 2 5 2 and hypo-methylated/down-regulated groups (Acute stress: χ 2 1 = 2.53, P=0.110, Chronic 2 5 3 stress: χ 2 1 = 7.70, P=0.005) with greater numbers of genes with an inverse relationship 2 5 4 between delta methylation and delta expression (Figure 3c ,e; Table S5 ). Therefore, and 2 5 5
given the overall negative relationship between methylation in p.promoter regions and gene 2 5 6 expression we focused only on these genes with an inverse relationship. However, there 2 5 7 was no evidence of a similar effect between delta gene body methylation and delta 2 5 8 expression (Acute stress: χ 2 1 = 0.32, P=0.573, Chronic stress: χ 2 1 = 0.07, P=0.791), therefore 2 5 9
we included all genes above the threshold (Figure 3d ,f; Table S6 ). Combined functional 2 6 0 analysis of these genes revealed enrichment of processes related to ion/calcium ion 2 6 1 transport and signal transduction ( Figure S6 ). 2 6 2
Finally, we examined the potential for stress-induced changes in baseline DNA 2 6 3 methylation to contribute to the observed altered transcriptional response to LPS. We did not 2 6 4 perform methylation analysis for the fish exposed to LPS, but we hypothesised that baseline 2 6 5 promoter and/or gene body methylation status might influence the rapid transcriptional 2 6 6 response induced by LPS exposure. Of the genes that showed a significant interaction 2 6 7 between stress treatment and response to LPS, 28 (acute stress) and 57 (chronic stress) 2 6 8 met the coverage criteria for targeted analysis of baseline p.promoter methylation (Figure 2 6 9 S7). For acutely-stressed fish we identified three genes with hypo-methylation (|∆M|>5%) 2 7 0 and increased-expression in response to LPS treatment relative to the control group (lrrn4cl, 2 7 1 usp54a, st3gal1l3), and for chronically-stressed fish we identified three genes with hyper-2 7 2 methylation and reduced expression (yaf2, casp3a, ddx56). For gene body methylation, 42 2 7 3 (acute stress) and 63 (chronic stress) genes met the criteria for targeted analysis. Of these 2 7 4
in acutely stressed fish we identified three hypo-methylated genes with respect to the control 2 7 5 group (cer, chpf, ahnakl) , and in chronically stressed fish we identified two hypo-methylated 2 7 6 genes with respect to the control group (nocta and E3 ubiquitin-protein ligase KEG-like). Our study indicates that acute and chronic environmental stressors experienced during early 2 8 0 development have distinct effects on the gill transcriptome, methylome and on immune 2 8 1 function in Atlantic salmon fry. We found that while acute stress had limited long-term effects 2 8 2 on the gill transcriptome, chronic stress was associated with lasting transcriptional changes. 2 8 3
However, both acute and chronic stress caused lasting, and contrasting, changes in the gill 2 8 4 methylome. Crucially, early-life stress altered transcriptional response to a model pathogen 2 8 5 challenge in a stress-specific way, with acute and chronic stress enhancing and suppressing 2 8 6 inflammatory immune response, respectively. Our results also suggest that epigenetic 2 8 7 changes may contribute to these modulatory effects of early life stress on immuno-2 8 8 competence. We identified a small proportion of genes for which an association could be 2 8 9 made between stress-induced changes in promoter or gene body methylation and changes 2 9 0 in expression, suggestive of a direct regulatory relationship. Furthermore, gene enrichment 2 9 1 analysis revealed broader stress-induced epigenetic modifications within critical cellular 2 9 2 signalling pathways involved in immune response. Lasting effects of stress on both the transcriptome and epigenome 2 9 5
Acute stress during late embryogenesis caused a lasting significant difference in the 2 9 6 expression of fewer than 20 genes in the gill of salmon fry four months later. Previous 2 9 7 studies have reported pronounced changes in transcription occurring immediately after 2 9 8 similar acute temperature challenges in fish embryos and in hatched fry (Donaldson et al. 2008; Moghadam et al. 2017). However, given that the acute stress was applied four months 3 0 0 earlier and that we observed no effects on survival and growth, the direct transcriptional 3 0 1 response to acute, sub-lethal stress appears to be short-lived. This is consistent with known 3 0 2 physiological and transcriptional recovery over time following acute thermal shock and other were differentially expressed in response to chronic stress and, functionally, these changes 3 0 5
suggested an apparent up-regulation of active protein synthesis. Although immediate stress 3 0 6 responses have often been associated with reduced protein synthesis in fish and mammals 3 0 7
( Moghadam et al. 2017; Patel et al. 2002; Uren Webster & Santos 2015) , cellular stress 3 0 8 response is extremely complex and it is possible that these transcriptional changes 3 0 9 represent a compensatory response to chronic stress. There was also evidence of up-3 1 0 regulation of energy metabolism, muscle differentiation and insulin-like growth factor 3 1 1 signalling, which may be associated with a compensatory increase in growth rate in this 3 1 2 group after the initial weight loss observed. 3 1 3
With regards to the epigenome, both acute and chronic stress during early life induced 3 1 4 significant changes in gill DNA methylation profiles compared to controls. It is clear that the 3 1 5 two different stressors induced distinct and specific alterations in the methylation profile of 3 1 6
individual CpGs. Chronic stress induced a greater epigenetic change relative to the controls, 3 1 7 but acute stress also caused distinct and lasting effects on the methylome, even in the 3 1 8 absence of lasting transcriptional effects in this group. Stress has been shown to cause long- 2017; Vaiserman 2015). However, to our knowledge no study has examined the contrasting 3 2 2 effects of acute vs chronic stress on the fish transcriptome and epigenome. While the acute 3 2 3 and chronic stress resulted in quite distinct methylation patterns of individual CpGs, 3 2 4 functional analysis of the genes which contained or neighboured DMCpGs revealed 3 2 5 enrichment of very similar cellular processes for both types of stress. A large number of 3 2 6 terms related to cellular signalling pathways and their regulation were enriched for both 3 2 7 stress groups, particularly glutamate, calcium and Rho-GTPase signalling. Epigenetic 3 2 8 modification appears to explain the dysregulation of the neurotransmitter glutamate, 3 2 9
commonly observed with stress-induced disorders in the mammalian brain (Nasca et al. 3 3 0 2015b). Glutamate also has an important signalling role in peripheral tissues, including the 3 3 1 fish gill (Sundin et al. 2003) and it is possible that it might represent an important, wider 3 3 2 target of epigenetic regulation. Cellular adhesion was also one of the most enriched terms in 3 3 3 both stress groups, reflecting differential methylation of CpGs in a large number of genes 3 3 4 encoding cadherins and protocadherins, as well as integrins, laminins and fibronectin. 3 3 5
Cellular adhesion is critical for signal transduction as well as maintaining structure in 3 3 6 multicellular tissues, and altered epigenetic regulation of these components has been 3 3 7
reported for several autoimmune disorders and cancers (Zhang & Zhang 2015) . This 3 3 8 differential methylation of similar signalling pathways by both acute and chronic early life 3 3 9 stress suggests that intra-and inter-cellular signal transduction may be a common target of 3 4 0 stress-induced epigenetic regulation, with the potential to influence an extremely diverse 3 4 1 array of cellular processes. However, it seems likely that the precise location and nature of 3 4 2
CpG methylation change, which was distinct between acute and chronic stress, accounts for 3 4 3 the fine tuning of epigenetic regulation and the resultant specific effects on transcription. There was a very pronounced transcriptional effect of LPS in the gill in all exposed fish 3 4 7 across treatment groups, characterising an extensive inflammatory response. Pro- Transcriptional response to LPS exposure in the control group characterised a typical 3 7 8 inflammatory immune response. We identified a significant interaction between stress and 3 7 9 LPS response, for both the acute and chronic stressors. For fish exposed to acute cold 3 8 0 shock during late embryogenesis, transcriptional response to LPS was of greater magnitude, 3 8 1 but functionally similar to that of the control group. The vast majority of LPS-responsive 3 8 2 genes identified in control fish were also differentially expressed in acutely stressed fish, and 3 8 3 a considerable number of these were regulated to a significantly greater extent. Additional . This suggests that acute stress during late embryogenesis enhanced subsequent 3 9 0 immune response, while in contrast chronic stress appeared to depress the transcriptional 3 9 1 response to LPS, as more than 200 genes were significantly less responsive to the pathogen 3 9 2 challenge than in the control group. These included a number of the typical pro-inflammatory 3 9 3 response markers and many genes involved in processes such as signal transduction and 3 9 4 ECM reorganisation, which were identified as central to the main LPS response in control 3 9 5
fish. These results are consistent with previous reports of enhancing and suppressive effects 3 9 6 of acute and chronic stress respectively on immuno-competence in mammals and fish the glucocorticoid receptor, Nr3c1, due to early life stress is known to cause an increase in 4 1 0 its expression in the brain, with lasting physiological and behavioural effects (Turecki & 4 1 1 Meaney 2016). However, interpreting genome-wide associative patterns between DNA 4 1 2 methylation and gene-expression is challenging due to the complexity of the different layers 4 1 3 of epigenetic regulation (Hunter et al. 2015) . Evidence suggests that the relationship 4 1 4 between DNA methylation and gene expression varies widely across the genome, and 4 1 5 occurs on a gene-specific basis (Hu et al. 2016; Jones 2012) . Here we found evidence of a 4 1 6 significant, transcriptome-wide negative correlation between DNA methylation level in 4 1 7 putative promoters and gene expression, which is consistent with previous reports in 4 1 8 mammals and fish (Huang et al. 2014; Wang et al. 2017; Zhong et al. 2016) . In contrast, 4 1 9 there was no linear relationship but some evidence of a more complex relationship between 4 2 0 gene-body methylation and gene expression, which again is consistent with previous reports 4 2 1 for mammals and plants, where non-monotonic relationships between gene methylation and 4 2 2 Given the marked effects of both acute and chronic early life stress on the gill methylome, 4 2 6
we hypothesised that stress-induced changes in DNA methylation of putative promoter 4 2 7 regions and/or gene bodies could influence baseline transcription and also the rapid 4 2 8 transcriptional response to a pathogenic challenge. We identified a small proportion of genes 4 2 9
for which there was an association between stress-induced changes in baseline DNA of stress, and overall functional analysis again revealed enrichment of ion transport and 4 3 5 cellular signalling pathways. Similarly, we found evidence of stress-induced methylation 4 3 6 differences (promoters or gene bodies) for a small proportion of the genes for which a 4 3 7 significant interaction between stress and LPS response was identified. These included a 4 3 8 number of genes involved in ubiquitination, which regulates a wide range of biological 4 3 9 processes including the immune system, and transcriptional regulation. 4 4 0
Our results suggest that direct associations between promoter or gene body methylation 4 4 1 and expression are likely to occur on a gene-specific basis. This small proportion of genes 4 4 2 consistently appears to include components of key signalling and regulatory pathways, with 4 4 3 the potential therefore to influence a diverse array of cellular processes. We found limited Conclusions and potential implications 4 5 7
In summary, we found that acute and chronic stress during early life induced contrasting 4 5 8 effects on gill transcription and immune response in Atlantic salmon. Acute and chronic 4 5 9 stress also induced considerable changes in the baseline methylome, including modulation 4 6 0 of similar cellular signalling pathways suggesting that these may be common targets of 4 6 1 stress-induced epigenetic regulation with the potential for far-reaching effects on cellular 4 6 2 processes. However, the specific patterns of methylation change at the individual CpG level 4 6 3 were very different between acute and chronically stressed fish, suggesting distinction in fine 4 6 4 level epigenetic regulation. As expected, we found that stress-induced changes in the 4 6 5 methylome were only directly associated with transcriptional differences, and transcriptional 4 6 6 responses to LPS, for a small proportion of genes. However, at the gene-pathway level, we 4 6 7 present evidence for stress-induced differential methylation in the key signalling and 4 6 8 regulatory networks involved in transcriptional response to a pathogen challenge. This 4 6 9
suggests that stress may influence the immune response through wider, less direct, 4 7 0 epigenetic mechanisms. 4 7 1
These results have important implications for health and disease management of farmed 4 7 2 fish populations, which are commonly exposed to multiple stressors and infection 4 7 3 challenges. They highlight the importance of considering the long-lasting effects of early life 4 7 4 stress, even when no obvious effects on growth or body condition are apparent, and suggest 4 7 5 that early-life stress has considerable effects on immuno-competence and disease 4 7 6 susceptibility. Such knowledge could be used to harness the potentially stimulatory effects of 4 7 7 acute stress on the immune system of Atlantic salmon and other commercially important 4 7 8
fish. Our study provides the first evidence that direct and indirect epigenetic mechanisms 4 7 9 may play a role in mediating the lasting effects of early-life stress on fish immune function. Atlantic salmon eggs were assigned at random to three experimental treatments: control, 4 9 1 acute environmental stress and chronic environmental stress, with two replicate groups of 4 9 2 500 eggs per treatment. To rule out potential family effects, eggs were obtained from 10 4 9 3 different families (1:1 crosses) and these were equally assigned to each experimental group. 4 9 4
We used an acute stressor which has previously been shown to induce repeatable effects on 4 9 5 the teleost transcriptome and methylome, and is relevant to temperature-shocking 4 9 6 procedures commonly used in aquaculture to screen eggs (Moghadam et al. 2017 ). During 4 9 7 late embryogenesis (360 DD), embryos were immersed in iced water (0.2 °C) for five 4 9 8 minutes and then exposed to air (12 °C) for five minutes before being returned to normal 4 9 9 water temperature (9 °C). For the chronic stress group, larvae were reared in fry troughs 5 0 0 without the artificial hatching substrate (Astroturf) used in the control and acute stress 5 0 1 groups for the duration of the experiment (four months). Artificial substrate is routinely used 5 0 2 in salmon farming to mimic the natural substrate, and provides support and shelter to fish 5 0 3 larvae. Salmonid larvae reared in bare troughs tend to show elevated cortisol levels, 5 0 4 developmental abnormalities and impaired growth (Bates et al. 2014; Hansen 1985) . Full 5 0 5 details on fish husbandry are given in the supporting information. 5 0 6
Daily mortalities of embryos, larvae and fry were recorded, and growth was monitored tank identity as a random factor to account for variation between replicate tanks. 5 1 7 5 1 8
Immuno-stimulation experiment 5 1 9
To assess the effect of acute and chronic environmental stress on immune response, a 5 2 0 subset of salmon fry from each stress group and the control group were exposed to 5 2 1 lipopolysaccharide (LPS), a pathogen-associated molecular pattern, mimicking a bacterial 5 2 2 infection, at the end of the experimental period (1532 DD). Six fry from each replicate tank 5 2 3 (12 per group) were exposed to 20 µg/ml LPS obtained from Pseudomonas aeruginosa 5 2 4 (Sigma Aldrich, UK) for 24 h in 0.5 L tanks, each containing a static volume of aerated water 5 2 5 (Sundaram et al. 2012) . Fish were visually monitored during the course of the experiment 5 2 6
and any adverse effects on behaviour and physiology recorded. After 24h of exposure, fry 5 2 7
were euthanised, weighed and measured, and all gill arches were dissected out and stored 5 2 8
in RNAlater. Gills were selected as a target tissue for analysis because they have a critical 5 2 9 role in immune defence, and are a primary target of waterborne pathogens (Uribe et al. analysis was also performed on the gills of eight LPS-exposed fish from each of the three 5 3 7 experimental groups (24 fish; four per replicate tank). RNA and DNA were simultaneously 5 3 8 extracted using the Qiagen AllPrep DNA/RNA Mini Kit, and all libraries were prepared using 5 3 9
high quality RNA and DNA (full details given in supporting information). Transcriptomic 5 4 0 analysis was conducted using RNA-seq; the 48 libraries were prepared using the Illumina All raw sequence reads have been deposited to the European Nucleotide Archive under 5 4 8 the accession numbers PRJEB25636 and PRJEB25637, and full details of bioinformatics 5 4 9
analyses performed are provided in the supporting information. 5 5 0
Briefly, for the transcriptomics analysis, following quality screening and filtering using effects of stress and LPS exposure, and their interaction, and accounting for potential 5 5 8 variation between replicate tanks. Genes were considered significantly differentially 5 5 9 expressed at FDR <0.05. Hierarchical clustering of all genes significantly regulated by LPS, 5 6 0 and all genes for which a significant interaction between stress and LPS response was 5 6 1 identified, was performed using an Euclidean distance metric and visualised using the 5 6 2
Pheatmap package in R (Kolde 2015). Functional enrichment analysis of differentially 5 6 3 regulated genes was performed using DAVID (v 6.8; (Huang et al. 2008) ), using zebrafish 5 6 4 orthologs for improved functional annotation. 5 6 5
For the methylation analysis, initial read quality filtering was performed using TrimGalore 5 6 6 (Kreger 2016) before high quality reads were aligned to the Atlantic salmon reference CpGs (DMCpGs) were identified using logistic regression (FDR<0.01 and >20% minimal 5 7 2
CpG methylation difference (|ΔM|)). For each DMCpG, we identified the genomic location 5 7 3 (gene body, promoter region (≤1500 bp upstream of the transcription start site (TSS)), or 5 7 4 intergenic region) and the context location (CpG island (≥200 bp with GC % ≥ 55% and an 5 7 5 observed-to-expected CpG ratio of ≥ 65%), CpG shore (up to 2 kb of a CpG island), CpG 5 7 6
shelf (up to 2 kb of a CpG shore)). For the DMCpGs that were within a gene, or within 2 kb 5 7 7
(upstream or downstream) of the TSS or transcription termination site (TTS) respectively, we 5 7 8 also performed gene function enrichment analysis as described above. To generate a more 5 7 9 stringent list of DMCpGs for further cluster analysis between stress groups, we additionally 5 8 0 ran t-tests for each paired comparison using a threshold of p<0.01, to identify DMCpGs 5 8 1 shared by both statistical methods. 
